Optically detected magnetic resonance of nitrogen vacancy centers in diamond offers novel routes to both DC and AC magnetometry in diamond anvil cells under high pressures (> 3 GPa). However, a serious challenge to realizing experiments has been the insertion of microwave radiation in to the sample space without screening by the gasket material. We utilize designer anvils with lithographically-deposited metallic microchannels on the diamond culet as a microwave antenna. We detected the spin resonance of an ensemble of microdiamonds under pressure, and measure the pressure dependence of the zero field splitting parameters. These experiments enable the possibility for all-optical magnetic resonance experiments on sub-µL sample volumes at high pressures.
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I. INTRODUCTION
A number of materials exhibit dramatic changes in electronic behavior at high pressure, and there is a great need to develop experimental tools to investigate electronic matter under extreme conditions. 1-3 Magnetic resonance is an important tool that can be realized under pressure and can provide important microscopic information about the electronic degrees of freedom. 4, 5 Although bulk measurements have been realized at pressures up to 500 GPa, 3 magnetic resonance has been limited to pressures below 20 GPa. 6, 7 Pressures greater than 4 GPa can usually only be achieved by anvil cells, which present significant technical challenges because not only is the sample space limited (typically on the order of 10-100 nL), but an inductive coil must also surround the sample in order to excite and detect the resonance. In some cases, this coil can be located outside of the gasket,
8 but in such a case the signal to noise ratio is reduced due to poor filling fraction. Another approach is to locate the coil inside the gasket, requiring insulated leads to pass between the diamond culet and gasket material without severing under high pressure. 7 In this case the leads frequently break, and even when successful the signal to noise is limited due to the small sample volume available. a) These authors contributed equally to this work.
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An alternative approach is to perform optical detection through transparent diamond anvils. Optically detected magnetic resonance (ODMR) can be realized via negativelycharged nitrogen-vacancy (NV − ) centers in the diamond lattice. NV − defects contain localized electronic states with a spin S = 1 that can be probed via fluorescence spectroscopy. The spin-spin interactions lead to fine structure splitting in zero magnetic field, with a spin Hamiltonian:
where D are E are the zero-field splitting parameters. 9 D and E are determined by the unpaired electron spin density surrounding the defect, and depend on the details of the electronic wavefunction. For an isolated NV − center with C 3v symmetry, E vanishes, but in real systems strain transverse to the NV axis leads to a small splitting between the S = ±1 states in zero magnetic field.
10 Single diamond crystals grown by chemical vapor deposition (CVD) with NV − centers are particularly important as magnetic field sensors, due to both the large gyromagnetic ratio of the electron spins and the long spin coherence time T 2 ∼ 2ms
11 (up to 1s in specially-prepared crystals).
12 NV centers have sensitivities on the order of nT/ √ Hz, [13] [14] [15] and have been used to detect nuclear spins outside of the diamond matrix. 16, 17 As a result, NV − center magnetometry can offer an attractive alternative to conventional Faraday-induction-based magnetic resonance at high pressures in a DAC without the limited sensitivity and the technical difficulties of locating a detection coil within the sample space.
ODMR has recently been performed on NV − centers up to 60 GPa in a diamond anvil cell. 9 However, this required the use of a specialized non-conducting gasket in order to introduce the microwave radiation to the sample space between the anvils. The gasket consisted of an insulating matrix of boronitride powder mixed with epoxy, with an embedded Pt wire as a microwave antenna. Here, we utilize a 'designer' anvil with a metallic microchannel located within the culet of the anvil. This approach is superior because it enables us to lower the microwave power, reducing spurious heating effects, and does not require the use of non-conducting gasket materials.
II. PRESSURE CELL AND DESIGNER ANVILS
We have developed a diamond anvil cell (DAC) for use in a small bore cryostat of inner diameter 25 mm, as shown in Fig. 1 . The cell is constructed from MP35N steel and is designed so that the pressure axis can be oriented perpendicular to the cryostat axis. Optical access to the sample is via a channel of length 7.3 mm to the anvil table, and opening angle of 20
• . The diamond anvils are type Ia gem-quality diamonds with 1mm diameter culets, and the anvils are secured by Stycast 1266 epoxy and aligned by eye under a microscope with the help of small set screws. Pressure is applied by a set of four 4-40 steel bolts.
The gasket is manufactured by drilling a 300 µm diameter hole in MP35N steel with a micro-EDM, followed by pre-indenting to a thickness of 100 µm. The designer anvil was constructed by lithographically depositing tungsten metal with a pattern consisting of several concentric rings on the culet, with electrical contact pads located on the pavilion face. [18] [19] [20] After deposition, the a synthetic diamond layer grown by CVD was grown on the culet of thickness approximately 50µm.
21 Electrical connections to the surface antenna were made with thin platinum wire and silver paint. The antenna was then connected to an HP 8665A frequency source, which was itself controlled by a computer.
III. MICRODIAMONDS AND OPTICAL DESIGN
An ensemble of fluorescent microdiamonds (Adamas nano) of average diameter 15µm in powder form secured to the surface of the designer anvil within the sample space. In addition a small ruby chip of diameter 40 µm was located within the sample space in order to calibrate the pressure, 22 and Daphne oil 7373 was used as a pressure medium.
23
The optical setup system consists of a 4.5 mW, 532 nm colimated laser diode source (Thorlabs CPS532) mounted on an optical kinematic mount (Thorlabs KM100) which is aligned into an optical cage cube system using a second kinematic mount with a 1" mirror (Thorlabs KM100-E02), as shown in Fig. 2 . The collimated beam passes through an optical shortpass filter (Edmund Optics 69-216) and is focused onto the NV − centers inside the sample space by using an achromatic doublet (Thorlabs AC254-030-A-ML) that focuses the beam through an optical access port in the DAC to a spot size of ∼ 10µm. The fluorescence is collected using the achromatic doublet, after which it reflects off the optical shortpass filter and is focused onto an avalanche photodiode (Thorlabs APD120A2/M) using a plano-convex lens (Thorlabs LA1131-A-ML). ODMR spectra are collected by amplitudemodulating a continuous-wave microwave signal from the HP8665A with the reference of a SR510 lock-in amplifier, and measuring the output of the avalanche photodiode detector with the lock-in and a Keithley 192 Digital Voltmeter. 24 Control of the microwave source, lock-in and digital voltmeter for the experiments was achieved using Python PyVisa GPIB interfacing. The ruby fluorescence was measured and analyzed using an Ocean Optics HR4000 spectrometer. IV. RESULTS Figure 3 shows the spectra of the NV − centers as a function of the microwave frequency at several different pressures. We fit the spectra to the sum of two lorentzians, and Fig. 4 shows the ZFS parameters D and E. The doublet feature arises due to the E parameter. D varies linearly with pressure, with slope dD/dP = 11.72 ± 0.68 MH/GPa. D increases under pressure because the distance between the spins decreases due to both the macroscopic compression of the diamond lattice, as well as local structural distortions at the NV defect site. 25 The value we observe is slightly lower than reported previously, 9 but is close to the ab initio calculation of 10.30 MHz/GPa. 25 In the Doherty work, small chips taken from a type IIa CVD grown single crystal, whereas in this work commercial microdiamonds were measured . It is possible, therefore, that the difference in the pressure response could reflect differences in the sample preparation. It is noteworthy that the anvils we used are type Ia, which nominally have a larger concentration of nitrogen impurities and hence a larger background fluorescence than type IIa anvils. However, the contribution from any NV centers in the anvil is suppressed, since these are not located within the focal plan of the beam. As a result, the absorbtion and the fluorescence are both suppressed for NV centers outside of the microdiamonds. Figure 4(b) shows the linewidth and strain parameter E as a function of pressure. There is a slight increase in linewidth suggesting non-hydrostatic conditions within the cell. A linear fit yields a slope of 0.8 MHz/GPa, or a pressure variation δP/P = 6%. Daphne 7373 is expected to solidify at 2.2 GPa at room temperature, which roughly coincides with the increase observed in Fig. 4 .
23 E does not show any significant variation with pressure, which likely reflects the fact that the local symmetry around the defect sites is not changing under pressure. 10 Nevertheless, anisotropic strain can contribute to linewidth broadening because the shift will depend on the relative alignment of the strain tensor with any given NV − axis. It is noteworthy that the relative intensities of the main doublet change with pressure, which suggests that inhomogeneous strain fields may be developing as the pressure medium solidifies. 
V. CONCLUSIONS
Designer anvils offer a superior performance for ODMR of NV − centers in diamond anvil cells. We have found that the the ZFS parameters for the NV − centers in microdiamonds exhibit a pressure dependence that agrees with ab initio calculations. The linear response in the range of 0-8 GPa would enable the ODMR resonance to function as an effective manometer, eliminating the need to use a ruby chip and thus providing more space for the sample. Furthermore, it may be possible to implant NV − centers directly on the culet through the CVD process for the designer anvil fabrication. Although in this work an ensemble of microdiamonds was utilized, we have also observed ODMR from a single microdiamond crystal. Single crystal ODMR would enable the application of magnetic fields to split the NV − resonance, which would enable vector magnetization measurements at high pressure. 26 It would also enable the detection of nuclear spins on the microdiamond surface, 16 opening a possible route to microscopic NMR measurements of superconducting sulfur hydride and metallic hydrogen. 
